Background and Purpose: Few studies have concentrated on pyramidal tract (PY) changes after brain stem hemorrhage (BSH). In this study, we used a diffusion tensor imaging (DTI) technique and histologic identification to investigate longitudinal PY changes on both the contralateral and ipsilateral sides after experimental BSH.
INTRODUCTION
Primary brain stem hemorrhage (BSH), as one subtype of intracerebral hemorrhage (ICH; Qureshi et al., 2001; Xi et al., 2006) , has a notoriously poor prognosis and an overall mortality rate of 65% despite contemporary medical-surgical approaches (Wijdicks and St Louis, 1997; Lekic et al., 2013; Meguro et al., 2015) . Moreover, for those patients who survive BSH, the long-term disability rate is dramatically high, mainly as a result of injury to the pyramidal tract (PY; Takeuchi et al., 2013) . The PY is the most important part of the motor pathway and one of the most important neural tracts for motor function in the human brain (Jang, 2011) . Its injury can lead to motor deficits, and its recovery is mandatory for normal motor functioning. However, little is known about the structural changes that occur in the bilateral PYs after BSH.
Hematoma-induced secondary injury of the motor pathway has been increasingly investigated with the use of diffusion tensor imaging (DTI; Fan et al., 2013) . Fractional anisotropy (FA) and mean diffusivity (MD) are commonly used indices that reflect white matter injury and neurologic deficit in individuals with ICH (Yoshioka et al., 2008; Kuzu et al., 2012; Fan et al., 2013) . The greatest advantage of FA for the evaluation of white matter injury is that it comprehensively reflects the integrity of the fiber tract. However, both FA and MD fail to reveal the detailed pathologic processes that underlie white matter injury, and they cannot discriminate between axonal damage and myelin injury (Alexander et al., 2007) .
The parameter λ 1 , which represents water diffusivity parallel to the axonal fibers, is also referred to as the axial diffusivity (λ ; Song et al., 2002) . The parameters λ 2 and λ 3 , which represent the water diffusivities perpendicular to the axonal fibers, are averaged and referred to as the radial diffusivity (λ ⊥ ). Thus, a decrease in λ is thought to be primarily related to axonal damage, whereas an increase in λ ⊥ is thought to be related to myelin injury (Song et al., 2002; Kumar et al., 2011; van der Eerden et al., 2014) . Both indices provide subtler pathologic information (i.e., axonal vs. myelin injury) than do other scalar DTI parameters, such as FA and MD (Kumar et al., 2011; van der Eerden et al., 2014) .
During the past decade, the use of DTI has allowed great progress to be made regarding the discovery of the mechanisms of motor pathway injury and repair after ICH (Chaudhary et al., 2015) . However, these previous DTI studies have mostly focused on supratentorial ICH; little is known about evolutionary injury and repair in the PY after BSH. The purpose of this study was to investigate the dynamic structural changes that occur in the bilateral PYs after experimental BSH with the use of DTI and histology.
MATERIALS AND METHODS

BSH Model
Ninety-five male Sprague-Dawley rats (320 ± 20 g) were used in the experiment. Sixty-one rats were anesthetized with pentobarbital (50 mg/kg intraperitoneal) and injected with 30 µl of autogenous tail blood in the right pons (2 mm posterior and 1.3 mm lateral to the posterior fontanelle, 9.3 mm ventral to the dura). Twenty-six rats underwent the same operation following the same procedures without blood injection and were used as sham controls. Another eight rats were used as normal controls. All of the experimental procedures were approved by the local animal committee of West China Hospital, Sichuan University, Chengdu, China.
Magnetic Resonance Imaging Methods
All of the magnetic resonance imaging experiments were performed with the use of a 7.0 T magnetic resonance scanner (Bruker Biospec 70/30, Ettlingen, Germany). All rats were anesthetized with a 2% isoflurane/oxygen mixture. Their body temperatures were kept constant at 37 • C with the use of a heating blanket and monitored with a rectal temperature probe. T2-and T2 * -weighted imaging were performed 2-4 h after blood injection to exclude rats with failed brain stem blood mimicking. BSH was successfully induced in 61 rats as evidenced by regularly shaped hematomas and no obvious blood reflux; four rats died immediately after blood injection. The surviving 57 rats with BSH were imaged on days 1 (D1; n = 57), 3 (D3; n = 25), 7 (D7; n = 15), 14 (D14; n = 9), and 28 (D28; n = 6) after surgery. Of the 57 rats with BSH, 33 rats died during the experiment, and 24 were sacrificed for histologic analysis. Twenty-six sham rats were imaged on D1 (n = 26), D3 (n = 21), D7 (n = 16), D14 (n = 11), and D28 (n = 6) after surgery. Eight normal controls were imaged at the age of 13 weeks, which corresponded with the average ages of the rats with BSH on D0 (13 weeks ± 1 week). The imaging protocol for all rats included a T2 spin-echo sequence (repetition time/echo time = 4000/33 ms); a T2 * gradient-echo sequence (repetition time/echo time = 250/5 ms); and a spin-echo echoplanar DTI sequence with 30 diffusion gradient directions at b = 1000 s/mm 2 and five additional images at b = 0 s/mm 2 (repetition time/echo time = 4000/33 ms). The field of view (FOV) was 35 × 35 mm, and the matrix was 256 × 256 mm. Twenty-five coronal slices that were each 1 mm thick were acquired from each rat.
Behavioral Tests
Three behavioral tests were performed: a forelimb placing test, a forelimb use asymmetry (cylinder) test, and a corner turn test. The advantages of these tests for the behavioral evaluation of rats have previously been validated (Hua et al., 2002) . All behavioral tests were performed by a highly experienced experimenter who was blinded to the conditions of the animals before magnetic resonance scanning at each time point.
Measurement of Forelimb Placing
The first behavioral test was a vibrissae-elicited forelimb placing test to evaluate the ability of each rat to respond to vibrissae-elicited excitation as previously described (Hua et al., 2002) . The animals were held by their trunks, positioned parallel to a countertop, and then slowly moved up and down to allow the vibrissae on one side of the head to brush along the countertop surface. Intact animals quickly placed their forelimbs ipsilateral to the stimulated vibrissae onto the countertop. Each rat was tested 10 times for each forelimb. The forelimb placing score was calculated as the number of successful forelimb placements on the edge of the countertop in response to the vibrissae stimulation out of the 10 consecutive trials.
Forelimb Use Asymmetry Test
The rats' forelimb use during the exploratory activity was analyzed with the rat in a transparent cylinder (diameter, 20 cm; height, 30 cm). The behavior was scored by assessing each rat's independent use of the left or right forelimb to contact the wall during a full rear to initiate a weightshifting movement and the simultaneous use of both the left and right forelimbs to contact the wall (Hua et al., 2002) . The behavior was quantified by determining the number of occasions when the ipsilateral (unimpaired) forelimb (I), the contralateral (impaired) forelimb (C), and both forelimbs (B) were used as a percentage of the total number of times that any limb contacted the wall. The forelimb use asymmetry score was calculated as follows:
Corner Turn Test
The corner turn test was performed as previously described (Hua et al., 2002) . Briefly, each rat was permitted to approach a 30 • corner made out of two attached Plexiglas walls. To exit the corner, the rat had to turn either to the right or to the left. Only turns involving full rearing along either wall were included; ventral tucks and horizontal turns were excluded. The rats were not taken out of the cage immediately after each turn to avoid the development of an aversion to their prepotent turning responses. The choice of the turning side was recorded for 10 trials per test day, with an interval of at least 30 s placed between each trial. The corner turn score was calculated as follows: (Number of left turns/All turns) × 100%.
Tissue Preparation
Brain samples from the rats with BSH (n = 7 on D1, n = 4 on D3, n = 4 on D7, n = 3 on D14, and n = 6 on D28) and from the sham controls (n = 5 on D1, D3, D7, and D14 and n = 6 on D28) were obtained immediately after magnetic resonance imaging. Five normal rats were also sacrificed after imaging for histologic analysis. Immediately after imaging, the rats were euthanized, and they then underwent fixation via transcardial perfusion with 4% paraformaldehyde in 1% phosphate-buffered saline (PBS). Coronal brain sections that were 2-3 mm thick and that contained PY tissue were excised, with the standard rat brain atlas used as reference (Paxinos and Watson, 2007) . These sections were fixed overnight and then decalcified for 48 h; the fixed sections were embedded in paraffin. The sections that contained PY tissue were cut on a sliding microtome at a thickness of 5 µm.
Immunohistochemistry
Sections were stained for myelin with the use of luxol fast blue stain (LFB; Abcam) and for axons using immunohistochemical staining for phosphorylated neurofilaments (SMI-31; Abcam; Budde et al., 2007) . Immunohistochemical staining for SMI-31 was performed as described previously (Budde et al., 2007) . After accepting antigen retrieved with the use of citrate antigen retrieval solution (P0081; Beyotime), the tissue sections were treated with 3% hydrogen peroxide to inactivate endogenous peroxidase. The sections were then incubated in 1:20 goat serum for 30 min, rinsed, and incubated overnight at 4 • C with a 1:200 dilution of the primary antibody SMI-31. After three washes in PBS, the sections were incubated for 90 min with biotinylated goat anti-mice immunoglobulin G antibody (SP-9002; Zhongshan Golden Bridge Biotechnology). After another three PBS washes, the brain sections were incubated with avidin biotinylated horseradish peroxidase (SP-9002; Zhongshan Golden Bridge Biotechnology) for 90 min. The brain sections were rewashed three times in PBS and then incubated with diaminobenzidine and hydrogen peroxide (ZLI-9018; Zhongshan Golden Bridge Biotechnology). The nucleus was stained with hematoxylin. The sections were then rinsed in water for 10 min, dehydrated, and covered with a coverslip for microphotography.
LFB Staining
For LFB staining, 5-µm-thick brain sections were deparaffinized with xylene and immersed first in 100% ethanol and then in 95% ethanol. They were incubated in 0.1% LFB solution for 24 h at room temperature. The next day, the sections were washed in distilled water for 3 min. Differentiation was accomplished by rinsing the sections in 0.05% lithium carbonate and then in 70% ethanol. The LFB-stained sections were then counterstained with cresyl violet.
Data and Statistical Analysis
Hematoma volume at 2-4 h after surgery was measured on T2 * -weighted images by an observer who was blinded to the rat groups. The observer outlined the regions of hypointensity that represented hemorrhage and iron accumulation on all slices, and these regions were then multiplied by section thickness (1.0 mm; Chen et al., 2011) . FA, λ 1 , λ 2 , and λ 3 maps were generated from DTI results on a local workstation. Regions of interest (ROIs) of the bilateral PYs were defined on these maps by referring to the standard rat brain atlas (Paxinos and Watson, 2007) . To avoid the adverse effects of perihematomal edema and inflammation when assessing the DTI parameters (Alexander et al., 2007) , two coronal planes caudal to the hematoma were selected for the ROI definition of the bilateral PY, as shown in High-power images (×400 magnification) of the ipsilateral and contralateral PYs of each rat were taken separately. For the analysis of LFB and SMI-31 staining, two ROIs were selected randomly from the ipsilateral and contralateral PYs of each rat. The ROIs were binarized, and the area covered by LFB or SMI-31 staining was calculated as a percentage of the total area (Kalakh and Mouihate, 2015) .
Statistical analysis was performed with the use of SPSS for Windows Version 20 (SPSS Inc., Chicago, IL, USA). Quantitative data were tested for normal distribution by using the Kolmogorov-Smirnov test. DTI parameter changes in the contralateral and ipsilateral PYs were analyzed with repeated measures analyses of variance (rmANOVA) and post hoc test for comparison across different time points, with GreenhouseGeisser corrections applied when Mauchley's test indicated that the assumption of sphericity had been violated. Levene's test for equality of variance. Mann-Whitney U tests were used to compare the behavioral and histologic data. A P value of less than 0.05 (two tailed) was considered to indicate a significant difference for all of the statistical procedures.
RESULTS
Bilateral PY Degeneration of Rats with BSH
The mean hematoma volume estimated from multislice T2 * -weighted images at 2-4 h after surgery was 22.71 ± 3.41 µl. The bilateral PYs adjacent to the hematoma were subjected to compressive deformation (Figure 2A) . There was no apparent hematoma or perihematomal edema and no compressive deformation of the bilateral PYs in the two coronal planes caudal to the hematoma (see Figure 1B , left column). However, remarkable degeneration was found in bilateral PYs that were caudal to the hematoma, as shown in the FA maps ( Figure 2B ).
Evaluation of Diffusion Tensor Imaging Parameters in the Bilateral PYs of Rats with BSH
As compared with the normal control group, the ipsilateral PY of rats with BSH displayed a significant decrease in their FA values from D3 to D28 after surgery ( Table 1) . The FA value in the contralateral PY decreased significantly from D7 to D28 after surgery. The ipsilateral PY of the rats with BSH showed a dramatic increase in MD from D3 to D28 after surgery. The MD in the contralateral PY showed a dramatic increase on D3 after surgery. The λ ⊥ in the ipsilateral PY of the rats with BSH increased dramatically from D1 to D28 after surgery. It is noteworthy that the λ ⊥ value in the ipsilateral PY measured on D28 decreased significantly as compared with that measured on D14 (P = 0.012). The λ ⊥ in the contralateral PY of the rats with BSH increased significantly on D3 and D14 but returned to normal on D28. As compared with normal controls, the ipsilateral and contralateral PYs of these rats showed a decrease in λ from D1 to D28. However, this decrease did not achieve significance. No significant differences in the DTI parameters of the PYs at different time points and between the contralateral and ipsilateral sides were found in the sham group ( Table 2) .
Axon and Myelin Loss in the Bilateral PYs of Rats with BSH
The myelin and axons of the bilateral PYs were stained by LFB and SMI-31, respectively. In normal controls, LFB staining showed that the myelin sheath of the PY was intact, regular, and tight, with a lamellar structure. The SMI-31 staining showed intact, regular, and tightly arranged axons. As compared with normal controls, rats with BSH demonstrated apparent myelin loss in the bilateral PYs from D1 to D28 after surgery (as indicated by the white asterisks in Figure 3A) . Progressively dramatic axon loss Data are shown as mean ± standard error of the mean; * P < 0.05, * * P < 0.01 and * * * P < 0.001 vs. normal controls; P values indicate overall significance between different time points. FA, fractional anisotropy; MD, mean diffusivity; λ , axial diffusivity; λ ⊥ , radial diffusivity; ips, ipsilateral; con, contralateral.
in the bilateral PYs was also detected in the rats with BSH (as indicated by the black asterisks in Figure 3B ). No apparent histologic changes were observed in the sham control group. As compared with sham controls, the ipsilateral PY of rats with BSH showed statistically significant myelin loss on D1, D3, D7, D14, and D28 after surgery at rates of 28. 70%, 35.64%, 44.19%, 33 .66%, and 13.17%, respectively ( Figure 4A) . The myelin in the contralateral PY of the rats with BSH decreased by 22.80%, 22.49%, 34.83%, 25.57%, and 6.58%, respectively, at the same time points ( Figure 4B ). As compared with sham controls, the ipsilateral PY of the rats with BSH showed progressive axon loss on D1, D3, D7, D14, and D28 after surgery at rates of 22.88%, 22.94%, 32.12%, 36.86%, and 33.43%, respectively ( Figure 4C) . The axons in the contralateral PY of the rats with BSH decreased progressively by 17.21%, 18.81%, 29.94%, 27.47%, and 31.22%, respectively ( Figure 4D ).
Motor Function Damage and Recovery of Rats with BSH
As compared with sham controls, the rats with BSH demonstrated noticeable forelimb use asymmetry from D1 to D14 after surgery; however, the deficit disappeared and the motor function returned to normal by D28 ( Figure 5A ). The rats with BSH showed significant forelimb placing deficits as λ , axial diffusivity; λ ⊥ , radial diffusivity; ips, ipsilateral; con, contralateral. compared with sham controls from D1 to D14 after surgery; these deficits were most severe on D3 and D7 but returned to normal by D28 ( Figure 5B) . For the corner turn test, there was a significant increase in the percentage of left (contralateral) turns of the rats with BSH as compared with sham controls from D1 to D14 after surgery, but the corner turn scores of the rats with BSH had returned to normal by D28 ( Figure 5C ).
DISCUSSION
To our knowledge, this study is the first of its kind to evaluate the dynamic changes of the bilateral PYs of rats with BSH by using DTI. As compared with normal controls, the bilateral PYs of these rats showed an early decrease and a late increase in FA and an early increase and a late decrease in MD. A progressive decrease in λ with dramatic axon loss from D1 to D28 after BSH was found bilaterally. The bilateral PYs of rats with BSH showed an early increase and a late decrease in λ ⊥ . Early myelin injury and late repair were also detected pathologically in the bilateral PYs of rats with BSH. Thus, the early motor function deficits of rats with BSH began to improve by D14, and they had almost completely disappeared by D28.
Dynamic Changes in the Diffusion Indices of the Degenerated PYs After BSH
Neuronal fiber tract degeneration has been demonstrated to occur after hemorrhagic stroke (Yeo et al., 2012; Fan et al., 2013; Ma et al., 2014) . In most of the ICH studies, the hematoma was mostly supratentorial. Few studies have focused on infratentorial hemorrhage, especially with BSH or pontine hemorrhage, likely because of the difficulties associated with large-scale clinical data collection and the establishment of an animal model. To our knowledge, no study has investigated fiber tract degeneration after BSH using DTI techniques. In addition, although it has been determined that the PY degeneration occurs several hours to days after the ICH (Fan et al., 2013) , questions that address how early DTI can detect the PY changes and to what extent DTI can provide accurate and detailed information about PY degeneration and repair after BSH have not yet been answered. In response, we have developed a novel BSH model by injecting autologous blood into the rat brain stem. On the basis of this model, we evaluated the bilateral PY changes using DTI and histopathology on D1, D3, D7, D14, and D28 after blood injection. The FA of the ipsilateral PY decreased monotonously from D3 to D14 and increased but was not completely recovered by D28, with MD increasing from D3 to D28. These changes were consistent with previous experimental and clinical ICH studies (Yoshioka et al., 2008; Kusano et al., 2009; Fan et al., 2013) . As described previously, hematoma may lead to nerve fiber degeneration due to mechanical effects, perihematomal ischemia, and secondary injury as a result of neuroinflammation and the release of neurotoxic materials (Xi et al., 2006; Keep et al., 2012; Chaudhary et al., 2015) . A series of such attacks could lead to neuron death, axon degradation, and myelin injury. In the current study, the ipsilateral PY of BSH rats showed a monotonous decrease of λ and an increase in λ ⊥ from D1 to D28 after surgery, which were in line with previous studies (Yu et al., 2009; Fan et al., 2013) . Progressive axon and myelin loss from D1 to D28 detected by histologic and pathologic tests could partly explain the changes in λ and λ ⊥ accordingly (Budde et al., 2007; Wang et al., 2008) . The decrease in λ can be ascribed to the fragmentation of the axons, which creates barriers to the longitudinal displacement of water molecules; the increase in λ ⊥ corresponds to the degradation of the myelin sheath, which causes water molecules to become more mobile perpendicular to the axons (Yu et al., 2009) . The increased λ ⊥ and the decreased λ led to the decrease in FA and the increase in MD (Sidaros et al., 2008; Yu et al., 2009) . In this study, the increase in FA in the ipsilateral PY on D28 may be ascribed to the higher proportion of the decrease in λ ⊥ as compared with the decrease in λ .
Our results showed that the increase in λ ⊥ and the decrease in FA in the contralateral PY were less obvious than the similar changes seen in the ipsilateral PY. As shown in Figure 2A , the contralateral PY was not unaffected by the hematoma, although its involvement was not so severe. In addition, our histologic and pathologic staining results showed that there were crossed fibers in the bilateral PY. To some extent, the crossed fibers from the contralateral PY may change the diffusion tensor parameters (Pierpaoli et al., 2001) . Further studies should be performed to elucidate if there are other mechanisms involved.
The Possible Mechanism of Motor Function Recovery After BSH and its Correlation with PY Integrity
Previous studies have demonstrated that the changes in the DTI parameters in the corticospinal tract (CST) correlate with clinical signs and can thus help to predict functional outcomes (Thomalla et al., 2004; Kusano et al., 2009; DeVetten et al., 2010; Zhang et al., 2015) . In the current study, the rats with BSH demonstrated severe motor deficits and delayed recovery that reached their maximums and plateaued from D3 to D7; these deficits showed improvement from D14 on and were normalized by D28. It is interesting to note that the motor function began to recover on D14; the DTI parameters did not recover and in fact remained at their lowest levels. This may be ascribed to the perilesional reorganization that occurs after a stroke insult (Jang, 2011) . A recent clinical pontine infarct study demonstrated the regeneration and reorganization of the motor pathways (Zhang et al., 2015) . In that study, fibers arose from the contralateral CST and crossed over to the ipsilateral side and down the edge of the infarct during the recovery of motor function in some patients with severe CST damage. Some of these fibers ran along the conventional anatomic route of the CST, whereas others merged with the pontocerebellar fibers, which are particularly important for motor function (Lu et al., 2011) . The reorganization of the motor pathways in regions other than the PY contributed partly to the degree of motor recovery. However, the bilateral PY degenerated progressively. This motor recovery theory may also help to explain the conflict between progressive axon injury and neurologic recovery. Additional in-depth studies should be performed to elucidate the mechanism of motor function recovery after BSH.
CONCLUSIONS
DTI revealed dynamic structural changes in both the contralateral and ipsilateral PYs after experimental BSH. The evolution of the bilateral parameters has been demonstrated by histologic and pathologic staining and correlated with motor function changes. Therefore, quantitative multiparametric DTI can track the structural changes of the bilateral PYs and thus may serve as a noninvasive tool to predict the prognoses of patients with BSH.
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